Abstract: Adventitious organogenetic structures were produced in vitro using cotyledon explants excised from 14 day-old pepper seedlings. The best response was observed on MS medium containing 5.7 µM indole-3-acetic acid and 8.8 µM 6-benzylaminopurine. However, when transferred onto elongation medium (MS + 2.8 µM gibberellic acid), these structures frequently developed into leaf-like features rather than into normal shoots. Interestingly, the histological study conducted on the cut end of the cotyledonary petiole revealed a direct induction of numerous teratological protuberances that arise around the cut end of the explant. On the contrary, typical organized bud meristems were rarely observed. Thus, the low number of plants obtained after transfer onto elongation medium seems to be a consequence of this teratological developmental process, frequently associated with fasciated and degenerative meristems, rather than a defect in shoot development from available meristems.
Introduction
Pepper (Capsicum annuum L.) ranks among the most important vegetable crops worldwide. It is highly regarded as a vegetable and a condiment for its savour and perfume. In addition to its use as a food, its powder disinfects the oral and gastric mucous membranes and destroys the pathogenic bacteria in the intestine (Bosland & Votava 1999) .
Pepper is susceptible to many pathogens including viruses, fungi, bacteria and nematodes and to severe climatic conditions, essentially temperature extremes that are limiting factors for its cultivation (Pochard et al. 1992) .
Biotechnology provides an interesting tool for accelerating the selection of pepper genotypes with desired quality traits and resistance to biotic and abiotic stress. However, in order to utilize biotechnological techniques, successful in vitro regeneration of complete and fertile plants at adequate capacity is required.
Despite the relative success reported on shoot organogenesis from foliar explants (Husain et al. 1999; Venkataiah et al. 2003) or hypocotyls (Ochoa-Alejo & Ireta-Moreno 1990; Arous et al. 2001 ) and somatic embryogenesis from immature zygotic embryos (Binzel et al. 1996) or anthers and isolated microspores (Bárány et al. 2005; Koleva-Gudava et al. 2007) , genetic engineering in case of pepper is still restricted by the low morphogenetic potential of this species (Steinitz et al. 1999; Mathew 2002) .
Because of their better responsiveness to in vitro plant regeneration treatments, cotyledons remain the explant of choice (Pozueta-Romero et al. 2001; Venkataiah et al. 2001; Mathew 2002; Golegaonkar & Kantharajah 2006) , although regeneration is frequently reported to consist of bud-like structures and rarely of well developed shoots (Ochoa-Alejo & Ireta-Moreno 1990; Arroyo & Revilla 1991; Ramirez-Malagon & Ochoa-Alejo 1996; Steinitz et al. 1999) . Strong influence of culture conditions and genotypes was also demonstrated (Christopher & Rajam 1996; Venkataiah et al. 2003) .
By using cotyledon explants (Agrawal et al. 1989; Mathew 2002; Venkataiah et al. 2006) and by applying the most common regeneration protocols for hot pepper (Venkataiah et al. 2001; Mathew 2002) , we tried to produce shoot buds for a widely cultivated Tunisian hot pepper genotype (cv. Baklouti). Histological investigations that covered a period of two culture weeks were performed in order to understand the abnormal morphogenesis that occurred at the in 
Material and methods

Experimental plant material
The local genotype Baklouti was used as the experimental plant material. Its fruits have a cubical form, largely depressed on the peduncle side. They are green and have a very pungent taste.
Seeds were sterilised with 20% commercial bleach for 10 min followed by repeated washings with sterile distilled water. They were aseptically sown on MS (Murashige & Skoog 1962 ) basal medium (pH 5.8) solidified with 0.8% agar and incubated in a growth room at 25 ± 2
• C during 5 days in the dark (until radicle emergency) followed by 9 days under 16 h daily photoperiod. Cotyledons used as primary explants were excised from 14 day-old in vitro seedlings.
Culture media and culture conditions Shoot bud induction was tested on MS basal medium supplemented with various concentrations of 6-benzylaminopurine (BAP) (4.4, 8.8 and 22.1 µM) in combination with 5.7 µM indole-3-acetic acid (IAA), according to the protocol of Mathew (2002) . Explants consisting of intact cotyledons with 1 mm long petioles were inoculated on 9 cm diameter polystyrene Petri dishes containing 25 mL of the desired medium. Each Petri dish contained 5 explants with the abaxial surface in contact with the medium.
Cultures were incubated in a growth chamber at 25 ± 2 • C and 16 hours/day photoperiod under white fluorescent light (40 µmol · m −2 · s −1 ). After three weeks, observations were made on the number and morphology of the formed structures by using a stereomicroscope (Leica 10445538). Experiments were repeated three times using 50 explants in each treatment.
For elongation, regenerated organogenetic structures were isolated from cotyledons and transferred into glass jars containing 100 mL of MS medium supplemented with 2.8 µM gibberellic acid (GA3) (Szasz et al. 1995) . Each treatment was repeated three times.
Well developed shoots (4 to 6 leaves) were transferred onto rooting MS medium containing 5.7 µM IAA (Christopher & Rajam 1996) .
Histological analysis
In order to define the early histological events occurring during the regeneration process, investigations were done at the level of the cut end of the petiole tissue remaining connected to the cotyledon (Fig. 1 ). This explant side gave the best regeneration response in our experiment.
Observations were carried out on explants before culturing and after 1, 2, 3, 4, 5, 6, 8, 10, 12 and 15 days of culture. Samples (four per harvest date) were fixed in FAA (formalin, acetic acid, absolute alcohol: 10, 5, 85; v/v) for 18 h. Tissues were then dehydrated in graded series of ethanol solutions (50, 70, 96 and 100%) and embedded in paraffin. Serial sections of 10 µm were made using a RM2125RT microtome and slides containing the sections were deparaffinized through graded series of xylen-ethanol solutions, hydrated with decreasing ethanol solutions (100, 96, 70, 50%) and stained with hematoxylin (Panreac Quimica, SA) and safranin (RAL Reactifs). Nuclear material is stained in black with hematoxylin and cell walls are red in presence of safranin. Slide observations were performed under a photonic microscope (Leica DMLB2). 
Data analysis
All the experiments were repeated three times. Data on adventitious structures and plant regeneration were statistically analyzed using a completely randomized block design and were evaluated at the p < 0.05 level significance using Duncan's multiple range test.
Results
Adventitious regeneration on cotyledon explants
Morphological description of explant responses. Three types of responses were generally observed within the three weeks of induction period.
The first type (RI) corresponded to explants that, after initial swelling, produced some proliferating cells that rapidly developed into calluses (Fig. 2a) . When transferred onto fresh medium, these calluses continued to develop but never expressed any organogenetic activity.
In the second type (RII), after initial swelling, 'protuberances' emerged directly around the cut end of the explant and developed into bud-like structures that were rapidly submerged in callus tissues (Fig. 2b) .
The third type (RIII) involved formation of the same RII bud-like structures without further callogenesis ( Fig. 2c ) and short shoots (Fig. 2d) . These two organ types were designated by the term 'organogenetic structures'.
Quantitative estimation of explant response types. Results in Table 1 represent the rate of each reaction type according to the BAP/IAA balance in a MS basal medium. This rate is calculated regardless of the individual explant reaction but according to the global reaction types.
When BAP/IAA ratio is of 0.7, the highest percentage (59.7%) of explant reaction was callogenesis. Bud-like structures remained small in size and were generally overgrown by callus. For BAP/IAA ratio of 1.5 or 4, cotyledons especially developed organogenetic structures at a rate of nearly 70% including a small percentage (2.4%) of shoots in the case of BAP/IAA = 1.5. An accurate determination of the number of true buds was very difficult because organogenetic structures were joined in a cluster feature.
Shoot elongation and rooting
Generally, a low percentage of organogenetic structures excised from cotyledon explants elongated after transfer onto MS medium supplemented with 2.8 µM GA3. The best results were obtained with organogenetic structures that have initially been induced on MS medium supplemented with 8.8 µM BAP and 5.7 µM IAA (Table 2). However, the majority of bud-like structures remained stunted and gave only rosettes of leaves with hyperhydricity symptoms (Fig. 3a,b) .
Sixty percent of the well-developed shoots (4 to 6 leaves stage) that were transferred to MS medium supplemented with 5.7 µM IAA were able to root after 2 weeks of culture.
Histological analysis of the regeneration process Anatomical study, carried out during a period of two culture weeks, allowed us to describe the following events occurring during the regeneration process.
During the first three days, no clear histological changes were detectable (Fig. 4a) . The first visible changes thereafter consisted of the setting of a cell dedifferentiation process in the epidermal and subepidermal layers of the cut edge of the remaining petiole part. This process led to the formation of clusters of smaller daughter cells that differed from the mother ones by their thinner wall and densely stained nuclei and cytoplasm (Fig. 4b ). These particular cell clusters, commonly called meristemoids in the case of in vitro adventitious organogenesis, frequently evolved into teratolog- ical protuberances that covered the whole cut end of the explant after nearly 12 days of culture (Fig. 4c) . Observation of these protuberances at higher magnification revealed that they are constituted by weak and highly stained tissues. Protuberances are connected to the mother tissue by important vascular bundles (Fig. 4d) . Up to two culture weeks, this teratological organogenesis that consists of fasciated meristems, resulted in the formation of visibly disorganized shoot apices (Fig. 4e) ; rarely well organized apical shoot meristems with tunica and corpus layers were identified (Fig. 4f) .
Discussion
The process of in vitro plant regeneration via adventitious organogenesis in pepper (Capsicum annuum L.) using different sources of vegetative explants such as cotyledons, hypocotyls, leaves, shoot tips has been widely discussed in the literature. Results were often unsatisfactory because of the formation of ill-defined buds that remained stunted or produced distorted leaves with a cauliflower appearance ( In accordance with many previous reports, we have also obtained similar ill-defined buds with a low plant regenerating potential from cotyledon explants of the Tunisian hot pepper cultivar Baklouti.
Our results indicate that the induction of organogenetic structures including bud-like structures and short shoots is closely related to the addition of BAP into the culture medium. This cytokinin plays a crucial role in the stimulation of organogenesis as observed in many pepper tissue cultures (Christopher & Rajam 1996; Venkataiah et al. 2001 ). In our case, the best frequency (approximately 71%) of organogenetic structures was observed on MS medium supplemented with 8.8 or 22.1 µM BAP in combination with 5.7 µM IAA. The concentration of 8.8 µM BAP was however the most suitable for direct shoot regeneration and shoot bud elongation after transfer onto elongation medium. Venkataiah et al. (2001) and Mathew (2002) also obtained similar reactions in Capsicum. It is possible that BAP concentration higher than 8.8 µM had a toxic effect on the developing shoot primordia, as it has been previously demonstrated for differentiated cultures in pepper (Kintzios et al. 2000) and melon (Oridate & Osawa 1986) .
Our histological investigations provided evidence for direct formation of organogenetic structures from epidermal and sub-epidermal cells of the cut end of the cotyledonary petiole. Complementary anatomical analysis confirmed the atypical bud organization of the majority of these structures as reported by Delis et al. (2005) . They may only be considered as leaf-like structures because their tissue is likely parenchymatous (Krug et al. 2005) . Few others are shoots or shoot-like structures because they have a classical meristem organization (Haensch 2004; Salaj et al. 2005) . Thus, the scare plant regeneration seems to be a consequence of infrequent differentiation of normal apical shoot meristems and not due to a defect in shoot development from available meristems as observed in earlier scanning electron microscopy studies on Capsicum (Wolf et al. 2001) . Interestingly, the development of adventitious 'blind leaves' has been reported in cotyledon explants of pepper (Wolf et al. 2001) and in the members of Cucurbitaceae (Gaba et al. 1999; Stipp et al. 2001; Krug et al. 2005) .
In our experiments, blind leaves giving the cauliflower feature to the regenerated shoots developed despite the presence of GA3 that is known by its beneficial effect on cell and inter-node elongation.
Our results, obtained with commonly used protocols for pepper regeneration, are in accordance with previously reported data (Arroyo & Revilla 1991; RamirezMalagon & Ochoa-Alejo 1996; Steinitz et al. 1999 ) on the general morphology of the regenerated structures. However, the histological investigations conducted in the present study provided further knowledge on the mechanism underlying the failure of these structures to develop into normal shoots.
This diagnostic approach remains necessary for a deeper understanding of the biological processes involved in regeneration, as well as for the design of effective methods of plant transformation through genetic engineering.
